10

11

12

13

14

15
16

17

18

19

20
21
22
23
24
25

26

TITLE: LIFELONG POPULATION CONNECTIVITY BETWEEN LARGE RIVERS
AND THEIR TRIBUTARIES: A CASE STUDY OF SHOVELNOSE STURGEON FROM

THE MISSISSIPPI AND WISCONSIN RIVERS

ekl

Authors: Brenda M. Pracheil®”, John Lyons®™, Ellen J. Hamann?, Patrick H. Short*, Peter B.

Mclntyre*

! Environmental Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN
2 Office of Applied Science, Wisconsin Department of Natural Resources, Madison, WI
3 Center for Limnology, University of Wisconsin, Madison, WI

4 Fisheries Division, Wisconsin Department of Natural Resources, Prairie du Chien, WI

*Corresponding author: pracheilbom@ornl.gov

**Current address: Zoological Museum, University of Wisconsin, Madison, WI

Keywords: Large-river, tributary, connectivity, microchemistry, stable isotope, mark recapture,
shovelnose sturgeon

Copyright Notice: This manuscript has been authored by employees of UT-Battelle, LLC, under
contract DE-AC05-000R22725 with the U.S. Department of Energy. Accordingly, the United
States Government retains and the publisher, by accepting the article for publication,
acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable,
world-wide license to publish or reproduce the published form of this manuscript, or allow others
to do so, for United States Government purposes.


mailto:pracheilbm@ornl.gov

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

ABSTRACT

Fishes that depend on large-river habitats have declined in many regions due to human
alteration of both mainstems and tributaries. Conserving these species is often complicated by
their dependence on long-distance movements to complete their life cycle, but the location of
key habitats is difficult to assess across multiple life-history stages. Movement of large-river
fishes between mainstems and major tributaries is commonly observed, but the role of these
exchanges at the population level is uncertain. We used shovelnose sturgeon (Scaphirhynchus
platorynchus) as a case-study for assessing the lifelong spatial ecology of large-river fishes. Fin
ray microchemistry data indicate that shovelnose sturgeon from the Mississippi and Wisconsin
rivers represent a unified population that relies on connections among multiple large-river
habitats throughout life history. The tributary serves as an important spawning area, but fin ray
chemistry data suggest larvae subsequently drift downstream to nursery habitats in the mainstem;
an assertion that is supported by extensive field survey data. Our analyses underscore the life-
long importance of connections within river networks for maintaining viable populations of this,
and likely other large river species that have been documented to use tributary habitats. These
findings support a metapopulation perspective on species that depend on large-river habitats,
many of which are now highly altered and fragmented. For shovelnose sturgeon and species with
similar life history, protecting or restoring linkages between mainstem rivers and their tributaries

should be a conservation priority.
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INTRODUCTION

Conserving migratory animals is a profound challenge for natural resource managers
because these species often traverse political and jurisdictional boundaries to complete their life
cycle (Bolger et al., 2008; Wilcove & Wikelski, 2008; Bronmark et al. 2014). Coordinated,
range-wide species management is rare; frequently, differences among jurisdictions complicate
conservation as migratory animals pass through a mosaic of different regulatory environments
during their journey (Wilcove & Wikelski, 2008; Januchowski-Hartley et al. 2012; Pracheil et al.
2012). Even when coordination among jurisdictions and agencies does occur, we lack the life
history information for most migratory species needed to create informed management plans
(Moore et al. 1995; Faaborg et al. 2010; Abell 2002). This is especially true for potamodromous
fishes, for which the timing, spatial extent, and life history significance of migrations are often
poorly understood (Hegg et al. 2015; Mclintyre et al. 2016), making it challenging to define
management units that encompass all areas required for life cycle completion (Duponchelle et al.

2016).

Migratory fishes have been especially hard-hit by alterations to rivers (Pringle et al. 2000;
Lynch et al. 2011; Baras and Lucas 2001). Dam construction and channelization limit fish
movement, change the hydrodynamics of movement corridors, and have been linked to
population declines in rivers worldwide. For instance, 88% of large-river specialist fishes—
species adapted and restricted to high-discharge environments in large river channels— in the
Mississippi River Basin are of state, federal, or international conservation concern (Pracheil et al.
2013). Lateral and longitudinal river fragmentation (Galat & Zweimiller 2001) and modified
flow regimes are among the primary causes of endangerment for these fishes (Dudgeon et al.

2006; Reidy Liermann et al. 2012).
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Species distribution patterns suggest that large tributaries can also serve as essential
habitats for large-river specialist fishes (Pracheil et al. 2009; Ziv et al. 2012; Pracheil et al.
2013). For instance, there is evidence that shovelnose sturgeon (Scaphirhynchus platorynchus;
Goodman et al. 2013; Nepal et al. 2015; Lyons et al. 2016), pallid sturgeon (S. albus; Hamel et
al. 2016), paddlefish (Polyodon spathula; Firehammer and Scarnecchia 2007; Pracheil et al.
2009), blue sucker (Cycleptus elongatus; Neely et al. 2010; Lyons et al. 2016), and blue catfish
(Ictalurus furcatus; Laughlin et al. 2016) all rely on tributary habitats during at least some parts
of the year. However, for most species, the point during the life cycle when connections between
mainstem and tributary habitats are most important remains unclear. Habitat needs during
subadult stages are a particular gap in understanding because larval and juvenile life stages are
difficult to detect, mark and track. In many cases, growth and survival of juvenile fish are closely
tied to habitat structure (e.g., salmon benefit from woody habitats; Quinn & Peterson 1996;
Phelps et al. 2010; Ridenour et al. 2011) or chemistry (e.qg., striped bass overwinter survival is
related to salinity; Hurst & Conover 2002). Determining the life history context for movement
between mainstem and tributary habitats could aid in designating critical habitat in species

management and recovery plans.

In this study, we use shovelnose sturgeon, a potamodromous fish restricted to the
Mississippi River Basin in central North America, as a case study of how large-river fishes use
mainstem and tributary habitats across their life history. The IUCN Red List categorizes
shovelnose sturgeon as ‘vulnerable’ to extinction, reflecting extensive alteration of large river
mainstem habitats throuhgout its native range. Mark-recapture data indicates that shovelnose
sturgeon move between the mainstem Mississippi River and tributaries, including the Wisconsin

River, but the relative importance and use of each is unknown (Lyons et al. 2016).
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To discern lifelong usage of these alternative river habitats by sturgeon, we used the
microchemistry of fin rays from three life history stages. Our specific goals were to 1) assess
whether sturgeon from the Mississippi and Wisconsin Rivers represent discrete or conneted
populations, and 2) determine whether habitat use changes predictably across life history (i.e.,
first year of life, juvenile, adult). The microchemistry of calcified structures offers a unique
perspective on lifelong movement patterns of individual fish between habitats that have distinct

chemical profiles.
MATERIALS AND METHODS
Study area

Our study area consisted of the Mississippi River (mainstem) from Pool 9 to Pool 10 and
the Lower Wisconsin River. The Mississippi River portion of the study area is bounded upstream
by Lock and Dam 9 and downstream by Lock and Dam 11 (Figure 1). The Wisconsin River
(tributary) portion of the study area was bounded upstream by Prairie du Sac Dam and continued
downstream to the confluence with the Mississippi River. Mean annual discharge of the
Mississippi River in the study area was 1,055 m3s™ from 1936-2012 and the mean annual

discharge of the Wisconsin River in the study area was 248 m3s™ from 1914-2011.

Adult shovelnose sturgeon are routinely captured in the Mississippi River throughout the
year as parts of other routine monitoring and commercial fishing activities. However, in the
Wisconsin River, shovelnose sturgeon are primarily collected during the spring spawning period
(mid-April through mid-June) when upstream spawning migrations are believed to occur. Annual
sampling occurrs in a 5 km area that constitutes the primary shovelnose sturgeon spawning

grounds in the Lower Wisconsin River (~8 km below Prairie du Sac Dam). Although this area
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was sampled during other times of year for routine shovelnose sturgeon population monitoring

tasks, adults were rarely captured during summer or fall.

Fish collection

Adult shovelnose sturgeon were collected from the study area during spring 2011.
Mississippi River shovelnose sturgeon (N=19) were collected using drifting trammel nets, hoop
nets and benthic otter trawls (Herzog et al. 2009). Wisconsin River shovelnose sturgeon (N=23)
were collected using an electrofishing boat. The first pectoral fin ray was removed for

microchemical analyses (Figure 2).

Adult smallmouth bass Micropterus dolomieu used to provide a resident fish
microchemistry reference for our study were collected in Pool 10 of the Mississippi River and
within 5 km below Prairie du Sac Dam on the Wisconsin River also during June 2011
(Mississippi: N=16; Wisconsin: N= 20) using an electrofishing boat. Smallmouth bass were

taken to the lab where otoliths were removed for microchemical analyses.

Microchemical analyses

Water bodies frequently have distinct relative concentrations of trace elements such as
barium (Ba), strontium (Sr), and magnesium (Mg) that become incorporated into calcified
structures of fishes (i.e., otoliths, fin rays, bones; Pracheil et al. 2014). Thus, for rivers that have
consistent differences in elemental signatures, shifts in the trace element composition of fish
parts can reveal lifelong patterns of residency and movement. We characterized the trace element
chemistry of the Wisconsin and Mississippi rivers by analyzing water samples (sampled in June
2011; preserved with trace metal grade HNO3) and sagittal otoliths from smallmouth bass. Due

to small sample size of water samples collected in 2011, we also used water chemistry values
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reported by Garbarino et al. (1995) to provide water chemistry reference points for the study
area. Water samples used in Garbarino et al. (1995) were collected in summer and fall 1991 and
spring 1992 from Mississippi River Pool 9 above the confluence with the Wisconsin River and

from the Wisconsin River 2 km upstream from its confluence with the Mississippi River.

Smallmouth bass were also used to provide information about water chemistry because
they are long-lived and relatively sedentary (though some movement may occur; Humston et al.
2010). In this way, smallmouth bass can provide a biological reference point for integrating
intra- and inter-annual chemical variation in each river for interpreting results from sturgeon.
While syntopic species can differ widely in the elemental signatures assimilated from the same
environment, the relative differences between rivers are transferable across species and structures
for many elements (Clarke et al. 2007). Thus, using both water samples and bass as reference
points bolsters interpretation of sturgeon data in this study. Smallmouth bass otoliths were
extracted using non-metallic forceps, mounted onto glass slides with thermoplastic resin, and
polished on a lapping wheel. We polished otoliths with a series of alumina slurries until growth
rings were visible under 25X magnification on a compound microscope. Prepared otoliths were

triple-rinsed with ultrapure water, air-dried, and stored dry until analysis.

Shovelnose sturgeon fin rays were removed using a scalpel, mounted onto glass slides
with thermoplastic resin, and polished as described above. Prepared fin rays were triple-rinsed
with ultrapure water, air-dried, and stored dry until analysis. We selected fin rays as the focal
structure for sturgeon because their otoliths are composed of two different forms of calcium
carbonate—vaterite and calcite (Chakoumakos et al. 2016; Pracheil et al. 2017)—which
complicates interpretation of microchemistry data (Melancon et al. 2005; Tzeng et al. 2007;

Veinott et al. 2009). The hydroxyapatite within sturgeon fin rays offers a better reflection of
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ambient water chemistry and can be used to infer patterns of habitat use (Veinott et al. 1999;
Allen et al. 2009; Smith and Whitledge 2011; Phelps et al. 2012). As well, because fin rays are
comprised of hydroxyapatite, they are less brittle and easier to handle than the mostly vaterite

sturgeon otoliths.

Along the radial transect of each fin ray, we analyzed microchemistry and growth rates
for three life history stages: YOY, juvenile, and adult. Each fish was aged by determining the
number and placement of fin ray annuli. Three independent readers evaluated each fin ray, and
occasional conflicts were resolved by readers simultaneously examining photomicrographs.

Annual fin ray growth was described by Equation 1:
Gi=A4;— A

where Gi represents growth during year i, Aiis the radial distance from the fin ray lumen (hollow
center) to an annulus i, and Ai.1 is the radial length from core to the previous year’s annulus.
These measurements were used to designate the YOY stage as the portion of fin ray between
lumen and first annulus; juvenile stage as from first annulus to annulus where Gy < 0.5-G»; and
adult stage as everything from the end of the juvenile stage to the edge of the fin ray. This
approach was designed to provide consistent benchmarks for comparing habitat use throughout
the life cycle yet accommodate uncertainty in aging sturgeon fin rays (Koch et al. 2011; Rugg et
al. 2014; Hamel et al. 2014a) without biasing data collection. Our stage designations also enable
relevant growth rate comparisons, given that individual growth is reduced dramatically at the

onset of maturation in both male and female Scaphirynchus sturgeon (Hamel et al. 2014a).

We focused on concentrations of four elements (Mg, Zn, Ba, Sr) relative to Ca, and also

calculated 87Sr:8Sr. These metrics often exhibit differences among water bodies (Pracheil et al.
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2014). Water samples were analyzed by inductively coupled plasma-mass spectrometry (ICP-
MS). Calcified structures (fin rays, otoliths) were analyzed with ICP-MS following laser ablation
(LA) using a CETAC Technologies LSX-213 LA system coupled to a Perkin-Elmer ELAN
DRC Il ICP-MS. The laser ablated a transect extending from the core to edge (beam diameter:
25um; speed: 15 um s™) of the calcified structure. A solid standard (United States Geological
Survey MACS-3) was analyzed every 15 samples to correct for instrument drift. Each sample or
standard was preceded by a ~30 s gas blank to measure background concentrations in the carrier
gas. All analyses were conducted at the Environmental Analytical Facility at University of

Massachusetts-Boston.

Fin ray microchemistry was averaged for each life stage based on the time at which the

laser transect crossed each annulus (Twi), using Equation 2:

Ai*Tt
t

where Ty =laser transect time in seconds at year i (indicated by an annulus), Lt is the radial length
of the laser transect from core to edge, Ttis the total time (s) elapsed over the laser transect, and
Tc is the time the laser crossed the core. This approach was outlined by Pracheil et al. (2014), and
the T¢ term adjusts time calculations for the period when background gas is analyzed prior to
engaging the laser. We used Analysis Management System (AMS) data reduction software
(Mutchler et al. 2008) to average elemental data for each life history stage, subtract the
background chemistry, correct for instrument drift, and convert units to part per million (ug
element g* Ca). For smallmouth bass otoliths used to characterize trace element differences

between rivers, we averaged across the entire otolith for each individual.
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Statistical analysis

To compare microchemical signatures between rivers, we conducted principle
components analysis (PCA) of normalized elemental data separately for each fish species
(center=TRUE, scale=TRUE, prcomp; R base package, R Core Team, 2017). This PCA enabled
us to simultaneously examine the response of multiple elements in fish across life stages and
between rivers by distilling all elements into four principle component (PC) values. The first PC
(Ba: Ca, Mg: Ca, Sr: Ca, and Zn: Ca vs. 8Sr: 8Sr) explained 44% of the variation and the first
two PCs (PC2: Ba: Ca, and Sr: Ca vs. Mg: Ca, Zn: Ca, and 8'Sr: 88Sr) explained 68% of the

variation. Only the first PC was used in analyses, although PC2 was also used in scatterplots.

For smallmouth bass, we used the standard error (SE) of the mean as an index of
temporal variation in microchemistry for each otolith. We did not measure annuli to calculate
the amount of time represented by each data point. Given that fish growth slows with age, the
overall SE puts more emphasis on early life, but still represents lifelong variation in the chemical

environment experienced by each fish.

To assess patterns of habitat use throughout the life cycle of sturgeon, we used Bayesian
cluster analysis of fin ray chemistry PCs in which each life stage of each individual was treated
as an independent observation (R package Bayesclust; Gopal et al. 2012) then plotted the PCs to
look for patterns among rivers of capture or Bayesian clusters (Wickham 2016). This
classification process was independent of the actual collection site for each fish. We determined
the optimal number of clusters by comparing marginal likelihood values from analyses with k=2-
10 clusters; the highest marginal likelihood value was deemed the best number of clusters for

subsequent analysis. Each observation (life stage of one individual) was assigned to a cluster

10
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based on 9 iterations of the stochastic model. We visually assessed the consistency of cluster

assignments across model iterations for each observation.

RESULTS

Elemental characterization of Wisconsin and Mississippi rivers

Water samples collected in 2011 from the Mississippi River had higher concentrations of
Ba, Sr, and Zn than those from the Wisconsin River by approximately one order of magnitude,
while the Wisconsin River had more than three times greater concentrations of Mg than the
Mississippi River (Figure 3). Although concentrations and multipliers differed between 1991-
1992 (Garbarino et al. 1995) and 2011 water samples, the direction of difference in each element

between Mississippi and Wisconsin Rivers was concordant between time periods.

Otoliths from smallmouth bass collected in the Mississippi River had higher Ba
concentrations than those from the Wisconsin River (ANOVA,; F1,34=1.884, P=0.006). No other
individual elements showed significant differences between rivers (0=0.05; Table 1). A
cumulative frequency plot of PC1 for the Mississippi River have a curve distinct from the

Wisconsin River (Figure 4).

Sturgeon fin ray microchemistry

The microchemistry of sturgeon fin rays indicates that populations in the Mississippi and
Wisconsin Rivers are highly connected throughout their life cycle (Table 1). Although there were
marked differences in water chemistry between the mainstem and tributary, the only consistent
difference in fin rays was higher Mg at all life stages in fish caught in the Wisconsin River

(ANOVA; F1,123=10.91, P=0.001). Cumulative frequency distributions of PC scores across all
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life stages of sturgeon illustrate the similarities in overall distributions of PC scores of fish
collected in the Mississippi and Wisconsin (Figure 4). Comparing cumulative frequency plots
between species indicates that smallmouth bass have more distinct microchemistry between

rivers than observed in shovelnose sturgeon.

Bayesian cluster analysis of sturgeon fin ray chemistry delineated six groups when the
three life stages of each individual are considered independently (Figures 5 and 6). Clusters 1, 5,
and 6 were the most commonly assigned. Few sturgeon were assigned to cluster 2 until the adult
stage, and the one individual assigned to cluster 2 during the YOY stage was not assigned to
cluster 2 as a juvenile (Figure 7). Overlapping cluster ellipses do not suggest obvious segregation
by river of capture for any life stage (Figure 7). Overall cluster assignment was relatively stable
both among model iterations and within iterations for each individual by life stage combination;
10 of 42 shovelnose sturgeon had changes in cluster assignment among model iterations. Three
of the 10 shovelnose sturgeon with changes in cluster assignment had changes during two or all
three life history stages and eight of the 10 fish were collected in the Wisconsin River.
Oscillations between clusters 1 and 3 and 1 and 5 were most common among model iterations.
No life stage was more likely than others to have oscillations in cluster assignment among model

iterations.

Elemental composition differed among clusters (Table 2). Clusters 1 and 5 were
characterized as having low Ba:Ca, but were differentiated from each other by low Zn:Ca in
cluster 1, and low Mg:Ca and Sr:Ca in cluster 5. Cluster 2 was defined by high 8Sr:2Sr isotopes
ratios well as low Zn. Cluster 3 was readily distinguished from others by high Zn:Ca and Mg:Ca

concentrations, while cluster 4 had high Ba:Ca and low Mg:Ca concentrations.
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Regardless of the river where they were collected, individual sturgeon were assigned to
the same cluster during the YOY and juvenile stages in 73% of cases (Table 3), and during the
juvenile and adult stages in 56% of cases (Table 4). For example, all 5 fish assigned to cluster 3
as juveniles were also assigned to cluster 3 as YOY. Sturgeon had a 43% probability of having
both the YOY and adult portions of life history assigned to the same cluster, and 37% of fish
were assigned to the same cluster throughout all portions of life history. Only the three most
common clusters (1, 5, 6) included individual fish assigned to the same cluster throughout their
life, and these individuals were collected in both the Mississippi and Wisconsin rivers.
Conversely, only two fish were assigned to a different cluster in every life history stage. Both of

these fish were assigned to cluster 4 at some stage.

Interestingly, some clusters did not mix with other specific clusters at any stage (Figure
7). Sturgeon assigned to clusters 1, 2 or 3 were never assigned to clusters 5 and 6. Similarly, fish

assigned to cluster 5 at any point were never assigned to cluster 6.

At each life stage, there were differences in clustering patterns between sturgeon
collected in the Mississippi and Wisconsin Rivers. A substantial proportion of YOY signatures
from fish collected in each river were assigned to clusters 1 and 5, but the remainder were
primarily assigned to cluster 6 for Mississippi River fish (32%) and cluster 3 for Wisconsin
River fish (52%; Figure 8). No Mississippi River sturgeon were assigned to cluster 3 at any life
stage. For juveniles, cluster 1 was the most common assignment irrespective of collection site
(37% of Mississippi sturgeon; 29% of Wisconsin sturgeon), and fish collected from both rivers
were also commonly assigned to clusters 5 and 6. Among adults, 39% of Wisconsin River and

21% of Mississippi River sturgeon were assigned to cluster 2. Fish collected in both rivers were

13
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also assigned to clusters 4 (26% Mississippi vs. 13% Wisconsin) and cluster 6 (21% Mississippi

vs. 9% Wisconsin) as adults.

DISCUSSION

Are shovelnose sturgeon populations from mainstem and tributary rivers discrete or connected?

Fin ray microchemistry suggests that connectivity between the mainstem and tributary
rivers is important throughout the life history of shovelnose sturgeon. Population connections
between the Mississippi and Wisconsin Rivers are especially striking when comparing elemental
signatures from shovelnose sturgeon fin rays with those from smallmouth bass otoliths.
Smallmouth bass were expected to have relatively high site fidelity compared to shovelnose
sturgeon, and that difference is well supported by our results (Figure 4). Shovelnose sturgeon, on
the other hand, have extensive overlap in their microchemistry between rivers and across life
stages. Water chemistry data support the validity of inferring habitat use from microchemistry;
elemental signatures from the Mississippi and Wisconsin rivers are sufficiently distinct (Figure
3) that these differences should be recorded in the calcified structures of fish (Table 2). Thus, the
relatively undifferentiated elemental signatures of shovelnose sturgeon indicate high mobility
compared to smallmouth bass, and suggest that shovelnose sturgeon act as a well-connected

metapopulation rather than discrete populations in mainstem and tributary rivers.

Long-term field surveys in our study area have implied that sturgeon movement between
the Mississippi and Wisconsin Rivers varies among life stages (Lyons et al. 2016), and our fin
ray microchemistry results support that conclusion. For instance, although YOY sturgeon have
never been captured in the Wisconsin River, this tributary is undoubtedly important during early

life history as a drift corridor for hatchlings from the Wisconsin River spawning area (Lyons et
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al. 2016). The most pronounced differences between sturgeon usage of Mississippi and
Wisconsin rivers occurs during the YOY stage, when cluster 2 contains only fish collected in the
Mississippi River and cluster 3 contains only fish collected in the Wisconsin River. However,
some mixing of these populations does occur even during the YOY stage: cluster 1 contains fish

collected from both rivers.

The Mississippi River appears to serve as nursery habitat for shovelnose sturgeon from
both rivers. The apparent migration of larvae hatched in the Wisconsin River spawning area
downstream to a Mississippi River nursery area is consistent with previous studies on the life
history of shovelnose sturgeon. Braaten et al. (2008) estimated that larval shovelnose sturgeon in
the Missouri River drift 95-250 km before settling. The shovelnose sturgeon drift distance
reported in the Braaten et al. (2008) study is comparable to the ~140 km length of the Wisconsin
River channel between the spawning area below a dam and the confluence with the Mississippi.
Similarly, adult shovelnose sturgeon migrate into the Wabash River—a tributary of the Ohio
River similar in size to the Wisconsin River—during the spawning season, yet there is no
evidence that the tributary provides subsequent nursery habitat (Kennedy et al. 2007). Indeed, in
our study area, juvenile shovelnose sturgeon have been captured only near the Mississippi
confluence (J. Lyons, unpub. obs.), and the relatively short length of the Wisconsin River
between the Prairie du Sac dam and Mississippi River probably make it impossible for hatchling
sturgeon to settle in the Wisconsin. This scenario contrasts with historical conditions, when
there were no natural barriers on the Wisconsin River for 335 km upstream of the Mississippi
confluence.

Does habitat use change across life stages for mainstem and tributary populations?

15
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The statistical clustering of life stages based on similarity in fin ray microchemistry was
not random; multiple life stages from the same individual and collection river were often
grouped together within a cluster. Indeed, only 20 of 120 possible cluster-by-stage combinations
were observed (Table 3, 4; Figure 8). Moreover, many individuals were assigned to just 1-2
clusters across their life cycle. For example, many sturgeon were assigned to cluster 5 (15% of
all fish), 6 (15%), or 1 (7%) in all stages. These patterns of cluster assignments strongly suggest

variable degrees of residency within this mainstem-tributary system.

Certain combinations of clusters were assigned disproportionately often, which further
suggests biological underpinnings of these patterns. For example, clusters 1 and 2 were both
represented during the life history of 20% of individual sturgeon, including approximately equal
numbers of fish captured in the Mississippi and Wisconsin rivers. Conversely, some clusters
were never assigned to life stages of the same fish. Clusters 5 and 6 were mutually exclusive
within a fish, despite their assigned members having no consistent differences in Mg:Ca, Zn:Ca,
or collection site. The differences in Ba:Ca and Sr:Ca between these clusters presumably reflect
distinctive chemistries of alternative habitats (Table 2; Figure 6, 7). Cluster 5 has higher Ba:Ca
and Sr:Ca than Cluster 6, so one potential explanation is that Cluster 5 life stages primarily use
the Mississippi River (which has higer Ba:Ca and Sr:Ca) while Cluster 6 life stages primarily use
the Wisconsin River, even though adults of both clusters were collected in both rivers. Cluster 6
has a higher proportion of Mississippi River captured fish assigned to it in every life stage and
approximately equal proportions Mississippi and Wisconsin river captured shovelnose sturgeon
were assigned to cluster 5 in the YOY and adult life stages. The mutual exclusivity of clusters 5
and 6 in the same fish could indicate that fish assigned to one cluster move more frequently

between the Mississippi and Wisconsin, which would be averaged within a life stage in our
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analysis. Alternatively, fish assigned to these clusters could use distinct habitats within the same
river that differ in chemistry at a finer scale than we documented. Further sampling will be
required to discern the true basis for these divergent microchemical signatures. Given the high
proportion of fish assigned to clusters 5 and 6, resolving the underlying causes may be important

to inform conservation and restoration plans for shovelnose sturgeon in our study area.

Our fin ray microchemistry data suggest that shovelnose sturgeon are never full-time
residents of the Wisconsin River—an inference that accords with long-term field studies (Lyons
et al. 2016). Along with the lack of sub-adult sturgeon caught in the Wisconsin during surveys,
there was no evidence of a distinct microchemical signature for adults that matched expectations
from reference species. While we can link cluster 3 to Wisconsin River shovelnose sturgeon
during early life history, no cluster of adults was primarily associated with the Wisconsin River.
Rather, with few exceptions, most clusters are a mixture of sturgeon captured in the Wisconsin
and Mississippi Rivers, and this generalization applies across life stages. Thus, diversity of

habitat use patterns applies to sturgeon captured in both the mainstem and tributary rivers.

Past studies have suggested that YOY and juvenile shovelnose sturgeon do not move
much after their initial larval drift (Jordan et al. 2006). It is thus likely that fin ray chemical
signatures during the YOY and juvenile portions of life history are indicative of their nursery
habitat. For adults, clusters 2 and 4 suggest use of additional habitats that were not used in
earlier life stages. However, because we averaged elemental signatures within each life stage
(representing many years of life in adults), it is possible that these distinctive clusters represent
an intermediate microchemistry arising from movement of adults between chemically-distinct
habitats. An intermediate chemistry between the two rivers may explain why 8 of the 10 sturgeon

that were not assigned to the same cluster for all model iterations were captured in the Wisconsin
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River. That is, sturgeon inhabiting the Wisconsin River have an intermediate, and inherently
more difficult to classify microchemical signature. It is also possible that cluster assignments to
clusters 2 and 4 may represent behavior. For example, several of the elemental ratios have
particularly high variances (Table 2) and the plot of PC1 and PC2 for cluster 4 shows a wide
diversity of values (Figure 6) potentially suggesting exposure to widely different chemical
environments throughout life as may be experienced by a highly mobile individual. High
mobility would not likely be experienced by YOY or juvenile fish thus explaining the near-

absence of assignments to clusters 2 and 4 during subadult life stages.

Our findings should not be interpreted as definitive assignments of habitat use because
several factors complicate the interpretation of fin ray microchemistry. Foremost among these
caveats is the potential error of + 1 year in aging shovelnose sturgeon fin rays, which could have
influenced our life history stage assignments (Koch et al. 2011). Incorrect life history stage
assignments could particularly bias data during the juvenile stage when fish are growing rapidly
and more data points are generated by the LA-ICP-MS system per unit of fish age. However,
incorrect age assignments during the juvenile or adult phase when an annulus was not the first/

last annulus in a stage would not change the results at all.

While there were differences in water chemistry between the Mississippi and Wisconsin
rivers in all elements we included in our analysis, Mg:Ca and Zn:Ca can be influenced by diet or
physiological regulation (Halden et al. 2000; Ranaldi and Gagnon 2008; Woodcock et al. 2012),
so it is possible some of the clusters we describe are due to factors other than just water
chemistry between the mainstem and tributary. We chose to retain these elements in our analysis
for two primary reasons. First, both Mg:Ca and Zn:Ca have been commonly used in hard-part

microchemistry studies of North American freshwater fishes, so there is precedent for including
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these elements in analyses (Pracheil et al. 2014). Second, even if a portion of these elements in
otoliths comes from diet, prey items between the Mississippi and Wisconsin rivers may differ in

a consistent way and provide a useful axis of variation.

Finally, we sampled only two river reaches, and we cannot exclude the possibility that the
shovelnose sturgeon that we analyzed used other tributary or mainstem habitats. The Mississippi
River is a highly impounded system, but many of its 26 low-head lock and dam structures are
passable by shovelnose sturgeon (Tripp et al. 2014). Downstream of the Wisconsin River, Lock
and Dam 19 is passable only by a lock, and hence is probably a considerable barrier for
shovelnose sturgeon (Tripp et al. 2014). There are only four tributaries of sufficient size within
200 km of the Wisconsin River that are large enough to be lifelong habitat for shovelnose
sturgeon (Pracheil et al. 2013): the Minnesota River (confluence in Pool 2), St. Croix River
(confluence in Pool 3), Chippewa River (confluence in Pool 4), and lowa River (confluence in
Pool 18). Adult shovelnose sturgeon have been shown to move >200 km in unimpounded river
reaches (Wildhaber et al. 2011), although fish from our study reach would have to pass at least
five lock and dam structures to access any of these other large tributaries. Thus, we consider use
of tributaries other than the Wisconsin River to be unlikely, but we cannot rule out that or the
possibility of longitudinal variation in Mississippi River chemistry driven by inflows from small

tributaries.

CONCLUSIONS

Our analyses of multiple life stages suggests complex movement histories in individual
shovelnose sturgeon that have access to both mainstem and tributary habitats. When we

incorporate information from all stages of life history, microchemical data indicate that life-long
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residence in one river is exceptional in this species. Thus, our findings reinforce the idea that
understanding spatial and temporal population structure of animals requires accounting for

complexity in life histories and movement patterns (Bowyer & Kie 2006).

Our work strongly supports the importance of maintaining connections between
mainstems and tributaries for the conservation of large-river fishes. It is clear that these species
can move a great deal at all stages of their life cycle, suggesting that the metapopulation concept
of reliance on multiple connected rivers is more applicable than considering Mississippi and
Wisconsin Rivers as home to discrete populations. For example, larval fish produced in the
Wisconsin River apparently drift downstream to use the Mississippi River as nursery grounds,
whereas some adults live in Mississippi River but migrate into the Wisconsin River to spawn.
Because of the pervasiveness of these connections throughout the life cycle, we must think of
shovelnose sturgeon in this region as a single stock that uses habitats in multiple rivers.
Similarly, blue sucker Cycleptus elongatus, another fish specialized for large rivers, moves
between the Missouri River mainstem and the Platte River tributary in complex patterns (Neely
et al. 2010). For species like these, conservation objectives aimed at restoring populations need

to consider habitat availability in both mainstems and large tributaries.

Connections between mainstem and tributary rivers are essential for maintaining a
myriad of riverine processes and functions including those linked to energetics (Vannote et al.
1980; Power & Dietrich 2002) and biodiversity (Rice et al 2006; Pracheil et al. 2013; Jager et al.
2015; Whitney et al. 2016). For individual species, our analyses show that these connections can
be important at multiple life stages. For sturgeon in general, our findings can be especially useful

because habitat mitigations like upstream fish passage that target large river benthic species are
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uncommon (Jager et al. 2016) and this offers additional conservation possibilities. Although our
study examined only shovelnose sturgeon, our findings may be representative of the ecology of
other large river fishes of the Mississippi Basin that share similar life histories (e.g., pallid

sturgeon, blue sucker, paddlefish).
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Table 1 Molar ratios + SE (umol Element: mol Ca) for shovelnose sturgeon fin rays and

smallmouth bass otoliths. Elemental values of smallmouth bass otoliths were used to help

characterize elemental differences between waterbodies. PC1 was calculated for each species

irrespective of river.

River Ba: Ca Mg: Ca Sr: Ca Sr87: Sr86 Zn: Ca PC1
Shovelnose Sturgeon
Muississippi 0.02 + <0.01 6.53 +0.22 0.09 + <0.01 1.00 +0.02 0.09 + <0.01 -0.14 +0.10
Wisconsin 1.68 + <0.01 8.64 +0.57 0.09 +<0.01 1.04 +0.01 1.05+0.01 0.41+0.10
Smallmouth Bass
Mississippi 2.03+0.44 1.14+0.05 0.26 +0.01 50.31+1.14 0.01 +<0.01 -0.74 + 0.40
Wisconsin 0.55+0.01 0.13+0.01 0.07<0.01 26.74+0.75 <0.01 +<0.01 0.59 +0.16
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Table 2. Molar ratios + SE (umol Element: mol Ca) for shovelnose sturgeon fin rays by assigned

Bayesian cluster.

Cluster Ba: Ca Mg: Ca Sr: Ca Sr87: Sr86 Zn: Ca
1 0.01 +<0.01 8.34+0.19 0.09+<0.01 1.07+0.01 0.07+<0.01
2 0.02 +<0.01 9.20+0.81 0.12 +0.01 1.02+0.01 0.08 +0.01
3 0.02+<0.01 11.73+1.59 0.09 +0.01 1.05+0.01 0.16 + 0.02
4 0.04 + <0.01 5.81+0.41 0.11+0.01 1.03+0.04 0.12 +0.02
5 0.01 +<0.01 5.34 +0.15 0.07+<0.01 1.11+0.01 0.10 +0.01
6 0.02+<0.01 530+021 0.08+<0.01 0.82+0.01 0.10+0.01
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Table 3. Proportion of shovelnose sturgeon collected from the Mississippi (top, black number)
and Wisconsin (bottom, underlined number) rivers assigned to a cluster as a young-of-year
(rows) that then transition to the same or different cluster as a juvenile (columns). The bolded,
black number in the middle represents the proportion of all fish, irrespective of river of capture,
assigned to a cluster as a YOY (rows) that then transition to the same or different cluster as a

juvenile (columns).

Cluster 1 2 3 4 5 6
1 0.31 0.05
0.21 0.02 0.02
0.13 0.04
2 0.05
0.02
3
0.10 0.07 0.12
0.17 0.13 0.22
4 0.05
0.02
5 0.21
0.02 0.19
0.04 0.17
6 0.05 0.26
0.02 0.17
0.09
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Table 4. Proportion of shovelnose sturgeon collected from the Mississippi (top, black number)
and Wisconsin (bottom, underlined number) rivers assigned to a cluster as a juvenile (rows) that
then transition to the same or different cluster as an adult (columns). The bolded, black number
in the middle represents the proportion of all fish, irrespective of river of capture, assigned to a

cluster as a juvenile (rows) that then transition to the same or different cluster as an adult

(columns).
Cluster 1 2 3 4 5 6
1 0.15 0.15 0.03
0.12 0.17 0.05
2 0.05
0.07
0.09
3
0.09 0.07 0.02
0.17 0.09 0.04
4 0.05 0.02
0.02 0.05 0.02
0.04 0.04
5 0.11 0.11
0.05 0.14
0.17
6 0.05 0.21
0.02 0.14

0.09
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FIGURE CAPTIONS

Figure 1. Map of study area showing Mississippi and Wisconsin Rivers. Triangles show dams
and circles show areas of fish collection as follows: shovelnose sturgeon (Scaphirhynchus
platorhynchus) were collected below Mississippi River Lock & Dam 8 and 9 and below
Wisconsin River Prairie du Sac Dam and smallmouth bass (Micropterus dolomieu) were
collected below Mississippi River Lock and Dam 9 and below Wisconsin River Prairie du Sac
Dam. The June 2011 water samples were collected at the site above Lock and Dam 9 and at the
Wisconsin River site and the 1991-1992 water samples were collected near Lock and Dam 9
(above the Wisconsin River confluence) on the Mississippi River and within 2 km of the

Mississippi River confluence on the Wisconsin River.

Figure 2. Shovelnose sturgeon fin ray showing A) the lumen, B) laser ablation transect and C) an

annulus ring.

Figure 3. Water chemistry values from Mississippi (MR; black bars) and Wisconsin (WR; gray
bars) rivers collected in Spring 2011 (11) and reported in Garbarino et al. (1995) from
Mississippi River Pool 9 and Wisconsin River kilometer 1 average from Summer and Fall 1991

and Spring 1992 (91) collections.
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Figure 4. Cumulative frequency plots of principal component 1 for smallmouth bass (top), and
shovelnose sturgeon (bottom) for Mississippi (black) and Wisconsin (gray) river collected fish.
These plots will show a separate curve for individuals collected in each river if Mississippi River
and Wisconsin River populations have distinct patterns of habitat use and overlapping curves if
the populations have similar patterns of habitat use. Smallmouth bass PC scores were generated
from elemental data averaged across entire otolith (N=1 point per fish) whereas shovelnose
sturgeon PC scores were generated from averaged elemental signatures for each life history stage

(N=3 points per fish).

Figure 5. Marginal likelihood values for Bayesian clusters of microchemistry data for 2-9

numbers of clusters (k). Higher marginal likelihood values indicate greater model parsimony.

Figure 6. Plots of PC1 vs. PC 2 from fin rays for all shovelnose sturgeon showing location of
points from adult (A), juvenile (J) and early life history (e.g., first year of life; E) stages
irrespective of river of collection where colors represent Bayesian cluster assignment. Ellipses
represent the 95% confidence interval of a multivariate normal distribution about the centroid of

a cluster.

Figure 7. Plots of PC1 vs. PC 2 from fin rays a) young-of-year, b) juvenile, and ¢) adult
shovelnose sturgeon by river of collection where black letters represent points from the
Mississippi River and gray letters represent points from the Wisconsin River. Numbers indicate
cluster assignment for each point. Ellipses represent the 95% confidence interval of a

multivariate normal distribution about the centroid of a cluster.
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Figure 8. Proportion of fish from the Mississippi River (top number in black), Wisconsin River
(bottom number in gray) and from both rivers combined (middle number in bold black) assigned
to each cluster (1-6) during young-of-year (circles), juvenile (squares) and adult (triangles) life
stages. Arrows represent transitions from one cluster to another or the same cluster in the
subsequent life stage. Black arrows depict transitions made by fish collected from the Mississippi
River and gray arrows depict transitions made by fish collected from the Wisconsin River.

Difference in thickness of arrows is to aid readability.
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